We investigate an extension of the Standard Model (SM) with a U (1) ′ gauge symmetry, which is spontaneously broken by a complex scalar singlet and where the new gauge boson is a stable dark matter candidate via a Z 2 flavor symmetry. The possibility of generating a strongly first order electroweak phase transition (EWPT) needed for the electroweak baryogenesis mechanism in this model is studied using a gauge independent method. Our result shows a considerable parameter space where both successful dark matter phenomenologies and a strongly first order EWPT can be achieved.
I. INTRODUCTION
With the discovery of the Higgs-like scalar at the CERN LHC [1] [2] [3] [4] , the Higgs mechanism [5] for spontaneous breaking of the gauge symmetry in the standard model (SM) appears to be a correct description of nature. It opens a new era of direct probes of electroweak symmetry breaking. It was observed by Kirzhnits and Linde [6] that spontaneously broken symmetries are usually restored at the high temperature. Thus the broken electroweak symmetry is expected to be restored in the early Universe. A transition occurred about 10 −10 second after the Big Bang. The dynamics of the electroweak phase transition (EWPT), which are still open questions, are important in the attempts to explain the observed matter-antimatter asymmetry of the Universe in terms of baryon number violation in the electroweak theory and cosmological models of baryogenesis [7, 8] . In particular, the condition that the baryon excess generated at the EWPT will not be washed out requires a strong enough first order phase transition, which translates into an upper bound on the EWPT is one of the necessary conditions for a workable electroweak baryogenesis mechanism of generating the matter-antimatter asymmetry, which results in the visible part of our Universe. For the invisible part of our Universe, precisely cosmological observations have confirmed the existence of the non-baryonic cold dark matter Ωh 2 = 0.1186 ± 0.0031 [10] , which provides another evidence of the new physics beyond the SM. Much effort has been employed to interpret the dark matter signals. Among various possible dark matter candidates that have been explored in the literature, the weakly interacting massive particle(WIMP) [11] [12] [13] The scalar singlet is mixed with the SM Higgs via the quartic interaction. The strongly first order EWPT is triggered by the same interaction in our model. For the effect of scalar singlets on the EWPT, see [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . Our study is new in the following two aspects:
• We treat the effective potential in a gauge invariant way. The critical temperature T C and the energy scalev(T ) is gauge invariant;
• EWPT is closely related to the phenomenology of the vector dark matter in our model.
Our study shows that even though there are strong constraints on the model from the exclusion limits of the dark matter direct detection experiments such as LUX [59] , one can still find the parameter space, where all the dark matter constraints can be satisfied and a strongly first order EWPT can be generated.
The paper is organized as follows: In section II we give a brief introduction to the model. Section III is the study of the dark matter phenomenology. We investigate the EWPT and its correlation with the Higgs portal vector dark matter in section IV. The last part is the concluding remarks.
II. THE MODEL
We assume the dark matter is a vector boson, V µ , which can be the gauge field of a U(1) ′ gauge symmetry that is spontaneously broken. SM fields carry no U(1) ′ charge. The only field charged under the U(1) ′ is a complex scalar singlet whose vacuum expectation value (VEV) breaks the new gauge symmetry spontaneously and gives rise to a non-zero mass of V µ . The model has a Z 2 discrete flavor symmetry, under which V µ is odd and all the other
Assuming m s is heavier, one has m
, where m h is the mass of the SM Higgs.
The scalar singlet decays into the new vector boson as well as SM fields via the mixing with the SM Higgs, the decay rate can be written as
where s θ = sin θ, with θ the mixing angle between the SM Higgs and the scalar singlet,
bb and ττ .
III. DARK MATTER PHENOMENOLOGY
In order to determine the relic density of the dark matter and the source function of cosmic-ray particles derived from the dark matter annihilation in the Galactic halo, which is relevant to the dark matter indirect detection, one needs to the calculate the the dark matter annihilation. The results are given by
where A dark matter is detectable through its scattering on atomic nuclei on the earth, by production at particle colliders or through detection of its annihilation radiation in our galaxy. Here we focus on the dark matter direct detection in the deep underground laboratories, which registers the interaction of through-going dark matter. The dark matter-quark effective Hamiltonian in our model can be written as
Parameterizing the nucleonic matrix element as N| q m|N = f N m N , where m N is the proton or neutron masses and f N is the nucleon form factor, the cross section for the dark matter scattering elastically from a nucleus is given by give the correct dark matter relic density. The red solid line is the limit of LUX.
, which is the reduced mass of the dark matter and the proton, with m p being the proton mass. We refer to [11] [12] [13] for explicit values of f p .
For m V < m W , the dark matter pair annihilate mostly into quark and lepton pairs, the amplitude of which is suppressed by the Yukawa couplings. As a result the dark matter relic abundance for m V < m W will be too large to be consistent with the dark matter observations. For m W < m V < m h , the dominate channels are V V → W + W − and V V → ZZ. When m V gets even bigger, V V → hh, hs, ss are no longer kinematically forbidden and become dominant annihilation channels. We plot in Fig. 1 the spin independent dark matter nucleon scattering cross section as the function of the dark matter mass by setting m s = 320 GeV and v s = 1 TeV. All the points in the blue curve give a correct dark matter relic density.
The red solid line is the exclude limit given by the LUX [59] . One can conclude that the
Higgs portal dark matter model may survive only at the nearby of the resonance of the scalar singlet.
We plot in the left panel plot.
IV. ELECTROWEAK PHASE TRANSITION
In this section we study the electroweak phase transition in the Higgs portal vector dark matter model. The Lagrangian was given in Eq. Table. I.
Thermal masses of the SM Higgs, the scalar singlet and the vector dark matter are given by
The effective potential, which is critical for the EWPT, can be written as
where V CW , known as Coleman-Weinberg potential, contains the one-loop contributions to the zero temperature effective potential, V T includes the finite temperature contributions.
Both V CW and V T receive contributions from particles that couple to the Higgs. A particle's scalars masses gauge fields masses fermions masses contribution to the effective potential is determined by its multiplicity, its fermion number and its mass in the presence of a background Higgs field.
The Coleman-Weinberg effective potential can be expressed in terms of the field dependent masses
where µ is the renormalization scale, fixed to be v 0 , the sum is over all fields that interact with the scalar fields, n i and s i are the number of degrees of freedom and the spin of the i-th particle. C i equals to 5/6 for gauge bosons and 3/2 for scalars and fermions. We calculate the effective potential in R ξ gauge.
The temperature dependent effective potential can be calculated using standard techniques. It receives two contributions: the one-loop contribution and the bosonic ring contribution, which depends on thermal masses. Imposing renormalization conditions preserving the tree level values of VEVs and working in the R ξ gauge, the fields-dependent part can be written as
where the first term is contributions of bosons, the second term is contributions of fermions and the third term is contributions of ghosts. The explicit expression of functions J B(F ) (x) can be found in Ref. [9] . The ring contribution can be written as
Thermal masses are given as
, with Π i (T 2 ) given in Eqs. (16), (17) and (18).
We first study the zero temperature vacuum structures, which influence the electroweak phase transition at the finite temperature. The critical points are found by solving the minimization conditions
which has at most nine solutions: (0, 0), (±v, ±v s ), (0, ± µ 2 s /λ 1 ) and (± µ 2 /λ, 0). There are four distinct critical points left after using the reflection symmetries to eliminate the redundant negative partners of these solutions. We take (v, v s ) as the physical electroweak vacuum, where the scalar masses are given in the Eq. (6) . The requirement of the vacuum stability may be summarized by the condition that this point is the global minimum. A naive calculation turns out that it always be true, if the solutions given in Eq. (4) are positive. The requirement can be written as the inequalities
which put constraints on the parameter space of the potential. On the other hand, the vacuum stability and perturabativity [64] of the SM Higgs at the high energy scale also constrain the parameter space.
We now derive conditions on the parameters such that the condition for a strongly first order EWPT obtains. Before doing so, we comment on the issue of gauge dependence of the EWPT. The root of the problem lies in the lack of gauge-invariant definition of the free energy. Although the problem has not been solved yet, there are some possible ways out. A gauge independent condition for a strongly first order EWPT can be obtained in perturbative theory by using a gauge invariant source term jΦ † Φ [60] in the generating functional. Another approach is working with a source term jΦ, that is not gauge invariant, and consistently implementing the Nielsen's identity [61] and doing -expansion [62] with the effective potential, so as to erase the gauge parameter order by order. In this paper we follow the approach given in Ref. [62] to calculate the condition for the strongly first order EWPT.
The requirement of an initially produced baryon asymmetry not to be washed out, implies roughly a requirement on ∆E sph /T C , that can be translated into the bound:
Although φ(T C ) is gauge dependent, one can obtain the sphaleron rate by evaluating the temperature-dependent effective action of the sphaleron where only the gauge independent O(T 2 ) terms are included. To this approximation, the theory contains a gauge invariant energy scalev(T ), and the condition for a strongly first order EWPT turns out to be [62, 63] 
which is quoted as the criteria in our analysis of the EWPT.
In the spirit of maintaining gauge independence, the effective potential, in which only the gauge independent O(T 2 ) terms are included, can be written as
where Π h and Π s are the thermal masses of the SM Higgs and scalar singlet respectively.
The sphaleron rate can be obtained from the effective action in Eq. (26) by performing path integral over the Higgs field. The temperature dependent vacuum expectation value can be written asv
where v 0 is the tree level VEV of the SM Higgs at the zero temperature. Notice thatv(T )
minimizes V (h, s, T ) only for Π h < µ 2 h . We use the method given in Ref. [62] to calculate the critical temperature, by inserting the tree level minimas into the one-loop temperature-dependent effective potential, at which 
where (h 1 , s 1 ) = (0, µ 2 s /λ 1 ) and (h 2 , s 2 ) = (246, v s ). For the numerical analysis, we set v s , λ 1 and λ 2 as free parameters varying in the following ranges v s ∈ [100 GeV, 2 TeV], λ 1 ∈ (0, 2] and λ 2 ∈ (0, 1], the mass and VEV of the SM Higgs are set to be 125 GeV and 246 GeV respectively, the dark matter mass is set to be near m s /2, where m s is the mass of the scalar singlet at the zero temperature. All the other physical parameters can be obtained using these inputs. In Fig. 3 , we plotv(T C )/T C as the function of the critical temperature. Points in red color correspond to cases where the dark matter relic densities are consistent with the experimental observation within three standard deviations, and the LUX exclusion limits are satisfied. One can see that the critical temperature lies in the range [40, 200] GeV. For the points that satisfy all the constraints of dark matter observables the critical temperature roughly lies in the range [110, 150] . It is obvious that there are parameter space where both strongly first order EWPT and the correct dark matter phenomenologies can be achieved. It should be mentioned that the barrier of the effective potential in this model comes from the thermal loop corrections.
In Fig. 4 , we plotv(T C )/T C as the the function of the dark matter mass (left panel) and the coupling λ 2 (right panel). Points in red color (in reversed triangle symbol) satisfy all the dark matter constraints. Points in gray color (in cross symbol) are excluded by the LUX. For a light dark matter the quartic coupling, λ 2 , is constrained to be very small to give a correct dark matter relic density, which decreases the barrier of the effective potential induced by the same quartic coupling. As a result, one can not get a strongly first order EWPT in this case. For a much heavy dark matter, one may have a large quartic coupling, λ 2 , which can be O(1), but the extra scalar will be too heavy and will decouple when EWPT happens. It should be mentioned that the gauge invariant EWPT method provided by [62] somehow underestimates the critical temperature, which means the strength of the EWPT is overestimated. One needs to include higher order corrections to the effective potential to get a more accurate result. Unfortunately, we are not aware of any computation of high order corrections to the effective potential in an arbitrary gauge. Here we only give a rough estimation on the strength of the EWPT. From Fig. 4 , (φ C /T C ) max ≈ 1.5. We leave the study of the impact on the EWPT from the next leading order thermal corrections at O ( 2 ) to a future work. Since the model we studied may not be the only new physics beyond the SM, we will not consider constraints of the oblique parameters on the model in this paper.
V. CONCLUDING REMARKS
The discovery of the SM Higgs makes the EWPT realistic. However the dynamic of the EWPT and its possible signatures are still unknown. In this paper we have explored the parameter space of the Higgs portal vector dark matter model which can lead to strongly first order EWPT as required by the electroweak baryogenesis. We have studied the parameter space of the Higgs portal vector dark matter constrained by the LUX and the parameter space for a strongly first order EWPT. Our result shows that there are considerable parameter space where both successful dark matter phenomenologies and the first order EWPT can be achieved. Our research are new in two aspects: (1) we perform a totally gauge invariant treatment of the EWPT; (2) the model is closely related to the Higgs portal vector dark matter, which is distinctive compared with other Higgs portal dark matter scenarios, since the dark matter mass in our model is totally induced by the spontaneously broken of the U(1) ′ gauge symmetry. The collider signatures of the model, which is interesting but beyond the scope of this study, will be shown in somewhere else.
